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ABSTRACT
The family Corallinaceae (Corallinales, Rhodophyta) is currently in a state of
taxonomic confusion. Presently, the accepted classification scheme proposed by H.
Johansen and W. Woelkerling separates subfamilies based on the presence or absence
of genicula. This approach has been criticized as being phenetically based and
unnatural. A second competing classification scheme proposed by J. Cabioch and Y.
Chamberlain primarily focuses on the cell connections between adjacent cells.
This study concentrated on several ultrastructural aspects of tetrasporogenesis
within two genera of the non-geniculate subfamily Lithophylloideae, Lithophyllum and
Titanoderma, for possible use in systematics. Nuclear features were examined closely
since they have proven to be more reliable than cytoplasmic features. The presence or
absence of perinuclear electron dense material (EDM) has been the most consistent
feature showing promise of being a reliable taxonomic character. To date, four patterns
of EDM have been observed in the corallines. No EDM was found in either Lithophyllum
dispar, Lithophyllum pustulatum or Titanoderma pustulatum. Lithophyllum pustulatum did
have a chloroplast-nucleus association. The absence of EDM in both Lithophyllum
species and Titanoderma pustulatum was expected, since it has been shown that genera
with secondary pit connections, such as these two genera, do not possess EDM.
Coralline genera that possess cell fusions are associated with EDM, with the exception
of the subfamily Melobesioideae, which are also unusual among all coralline algae in
possessing multiporate rather than uniporate tetraspoangial conceptacles. Along with
other supporting molecular and ultrastructural work, this study favors the Cabioch and
Chamberlain taxonomic scheme over that of Johansen and Woelkerling.

PHYLOGENETIC IMPLICATIONS OF SPORANGIAL ULTRASTRUCTURE IN
THE SUBFAMILY LITHOPHYLLOIDEAE (CORALLINALES, RHODOPHYTA)

INTRODUCTION
The Phyllum Rhodophyta, Kingdom Protista, contains one class, the
Rhodophyceae (red algae), and 17 orders, several of which are still under debate.
The red algal fossil record dates as far back as 1,900 million years, making the red
algae one of the oldest groups of eukaryotic organisms (Gabrielson et al. 1991).
About 675 genera and 4,100 species have been described to date, though the
number changes

frequently due to numerous

possible

misidentifications

(Gabrielson et al. 1991) and the discovery of new species. Members of the Phyllum
Rhodophyta exist in a variety of morphologies, ranging from unicellular to
filamentous to pseudoparenchymatous. Macroscopic red algae can be branched
or unbranched, terete or foliose (Gabrielson et al. 1991). Rhodophyta occur at all
latitudes and at a multitude of depths ranging from high intertidal to over 250 meters
deep.
Red algae have several features that set them apart from other eukaryotic
algae, including the absence of flagella and centrioles during all life history stages,
the storage of food reserves in the cytoplasm as floridean starch and in nearly all
species, the presence of cellular connections known as pit connections (Gabrielson
and Garbary 1986, Gabrielson et al. 1991). One of the more defining features of
red algae are their chloroplasts which provide their basic color.

Unlike other

macroalgae, red algal chloroplasts are enclosed by two membranes, which is
similar to the condition in green algae, but different from the 3-4 membranes found
in alfother algae. Red algal thylakoids are unstacked and evenly spaced within the
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chloroplasts (Pueschel 1990, Murray and Dixon 1992) and contain chlorophyll a,
along with a and (3 carotene pigments.

Electron-dense granules known as

phycobilisomes located on the thylakoid outer surface house the accessory
pigments, phycoerythrin, phycocyanin, and allophycocyanin. Varying proportions
of the pigments can result in numerous color variations in red algae, from
brownish-black and dark blue-green to pale or dark red.
The taxa within the Rhodophyta have undergone numerous taxonomic
revisions in recent history. My research, described in this thesis, relates to the use
of electron microscopy to provide new characters which may be of significant value
in re-examining the sub-familial level of the order Corallinales. As mentioned
earlier, Rhodophyta currently is comprised of a single class, the Rhodophyceae,
which is considered monophyletic.

Just over ten years ago this Division was

divided into two classes, the Florideophyceae and the Bangiophyceae (Gabrielson
et al. 1985, 1991).

Algae within the Bangiophyceae were thought to lack pit

connections, apical growth, and sexual reproduction, while members within the
Florideophyceae possessed these three characteristics. It was later determined
that some bangiophytes also possessed sexual reproduction, pit connections and
apical growth (e.g, in the Conchocelis filamentous stage of Porphyra and Bangia),
and that not all florideophytes possessed apical growth. Gabrielson et al. (1985)
suggested one class be used, the Rhodophyceae, since both classes lacked unique
shared derived characteristics. Although one class is now widely accepted, there
are still taxonomic problems in all lower levels.
Historically, vegetative and reproductive morphology have been the primary
means of distinguishing between red algal orders. Other characters used include
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life histories, pit connection types, associations and variations of cellular
organelles, and DNA sequence data (Garbary and Gabrielson 1990, Murray and
Dixon 1992).
Life history types have also proven to be reliable characters for
distinguishing among rhodophycean orders (Murray and Dixon 1992, Bailey and
Chapman 1998). The most prevalent life history is the Polysiphonia-type, which is
composed of three discrete phases: haploid gametophyte, diploid carposporophyte,
and diploid tetrasporophyte, with the gametophyte and tetrasporophyte phases
being isomorphic. Gametophytes can be either monoecious or dioecious. The
non-motile male gametes, spermatia, are passively transported to the female
thallus.

Spermatia attach to the trichogyne, an elongate protrusion of the

specialized egg cell known as a carpogonium. One of two spermatial nuclei is then
transported down the trichogyne into the carpogonium where nuclear fusion occurs.
The resulting diploid nucleus either remains in the carpogonium or is transferred to
an auxiliary cell. In either case, a diploid carposporophyte phase arises, which
remains attached to the female gametophyte. Carposporangia give rise to diploid
carpospores which germinate into free living tetrasporophytes. Meiosis occurs in
the tetrasporangial mother cells of the mature tetrasporophyte giving rise to a tetrad
of haploid spores. These haploid spores form gametophytes, thus completing the
sexual life cycle (Gabrielson et al. 1991).
Another distinctive feature of red algae, with importance at the ordinal level,
is the presence and type of pit connections. Although the role of pit connections
is still unknown, some roles postulated are cell to cell communication (Pueschel
1990), extra strength to the thallus (Kugrens and West (in Murray and Dixon 1992)),
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or facilitation of solute transport between cells similar to the plasmodesmata of
higher plants (Borowitzka and Vesk 1978).
Pit connections are comprised of proteinaceous material which links two cells
to each other (Gabrielson et al. 1991). Pit connections are often associated with
the formation of one or two polysaccharide caps which may or may not be
separated by a cap membrane. The presence/absence of caps, number and shape
of caps, and presence/absence of cap membrane(s) in various taxa make pit
connections taxonomically significant (Pueschel and Cole 1982). Although all
connections are delimited by the cell membranes of the septum, the presence or
absence of a cap membrane(s) determine whether the connection is extracellular
or intracellular respectively. Intracellular pit connections have no other limiting
membranes and therefore are not separated from the cytoplasm of either cell;
extracellular pit connections, however, have the additional cap membrane that
isolates the connection from both cells (Gabrielson et al. 1991).
Two general types of pit connections exist in red algae, primary and
secondary. Primary pit connections form between two kindred cells following cell
division (Diagram 1). Secondary pit connections form between non-kindred cells
either by a conjunctor cell or via direct cell fusion (Diagram 1). Secondary pit
connections form via a conjuctor cell and results in unequal cell division. The
smaller cell is the conjunctor cell which fuses with an adjacent non-kindred cell,
resulting in a pit connection between the two cells and the transfer of a nucleus to
the recipient cell. During secondary pit connection formation via direct fusion, two
non-kindred cells form narrow projections which fuse together and produce a pit
connection secondarily. Only two orders, Hildenbrandiales and Corallinales, form
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secondary pit connections in this latter manner.
With the advent of the transmission electron microscope (TEM) and scanning
electron microscope (SEM), organelles and thallus surface features could be used
for taxonomic purposes (Garbary and Johansen 1982, Pueschel 1990). TEM allows
the investigator to view cellular organelles and organelle associations. To date, the
usefulness of organelle features in the Rhodophyta has been limited mainly to
unicellular red algae (Gabrielson et al. 1991). SEM techniques are used to view
surface features of specimens in much greater detail. SEM is especially useful if
the alga of interest possesses rigid walls composed of cellulose (dinoflagellates),
silica (diatoms) or calcium carbonate (various red, brown and green algae).
In recent years DNA and RNA sequencing has proven to be a powerful tool
in red algal taxonomy. Although the techniques used for DNA and RNA sequencing
are not a hundred percent reliable, they are still able to provide taxonomists with
a more accurate view of relationships between taxa than morphological studies
(Bailey and Chapman 1996, 1998). DNA and RNA sequencing techniques have
proven quite useful in settling taxonomic disputes.
The order of interest in this study is the Corallinales, which contains only
calcified genera (Garbary and Gabrielson 1990, Woelkerling 1990). Calcification
helps to preserve these organisms, and their fossils have been found dating as far
back as 400 million years ago during the Devonian (Bailey and Chapman 1996).
Corallines were first placed in the animal kingdom by Linnaeus because he thought
they were animals similar to corals. Corallines are considered by taxonomists to
be very distinctive because of the precise nature of the calcium carbonate
deposited in their walls (Silva and Johansen 1986). Although other algae may have
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calcium carbonate, it occurs in the form of aragonite (Cabioch and Giraud 1985);
the Corallinales are the only algal group in which the calcium carbonate is in the
form of calcite. Other characteristics of the Corallinales are reproductive cells bom
in roofed conceptacles, unique sporangial division, pit connections with no cap
membrane and two plug caps (the outer one being dome-shaped), intercalary
meristems, and specialized post-fertilization events (Silva and Johansen 1986,
Garbary and Gabrielson 1990).
Coralline reproductive cells, the gametes and sporangia, are housed in
specialized vegetative structures called conceptacles which can occur scattered
over the thallus surface, margins, or branch apices. Coralline spermatia and spores
exit through perforated holes, or pores, located in the roof of the conceptacle. Most
corallines have a single pore opening in the conceptacle roof (uniporate
conceptacles). A few coralline genera have multiple pores in the tetrasporangial
conceptacle roof (multiporate conceptacles) while an entire family of corallines lack
roofed conceptacles altogether. Spermatia and carpospores of all coralline algae
possess conceptacles that are uniporate, while tetrasporangial conceptacles can
vary between uniporate and multiporate.
There are three patterns of tetrasporangial division found in red algae:
cruciate, tetrahedral, and zonate. Zonate division can occur either simultaneously
or successively. In the former, three cleavage furrows complete cytokinesis all at
once producing all four spores simultaneously. In successive cleavage, cleavage
furrows divide the sporangium first into two cells and later these two are cleaved
into four.

Members of the Corallinaceae are the only red algae possessing

simultaneous zonate division.
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There are two distinct morphologies within the Corallinales, geniculate and
non-geniculate. A geniculate alga has portions of its thallus that are calcified
(intergenicuia) and some portions that are uncalcified (genicula). The uncalcified
regions are relatively small, ranging from one to a dozen or so cells in length and
several cells in depth. The genicula serve to protect the algal thalli in areas of
heavy wave action by providing flexibility and thereby reducing breakage.
Non-geniculate algae do not possess uncalcified regions. They tend to grow along
the substrate as opposed to perpendicular to the substrate; some non-geniculate
forms are referred to as “crustose” red algae.
Currently the order Corallinales includes two families, the Sporolithaceae
and the Corallinaceae. The Sporolithaceae contains two non-geniculate genera.
The Corallinaceae contains about 39 geniculate and non-geniculate genera
combined (Verheij 1993).

Sporolithaceae differs from Corallinaceae by having

tetrasporangia which divide cruciately and are not formed in conceptacles.

In

addition, the two genera within the Sporolithaceae have both secondary pit
connections and cell fusions.

The Corallinaceae have reproductive cells in

conceptacles, their tetrasporoangia undergoes simultaneous zonate division, and
they have either cell fusions or secondary pit connections or, in one subfamily,
neither.
Proper placement of non-geniculate and geniculate corallines within the
Corallinaceae has been a subject of debate for many years. There are currently
two major classification schemes that have been proposed for genera in the
Corallinaceae. The first, proposed by H. W. Johansen and W. J. Woelkerling,
considers the presence or absence of genicula to be the most taxonomically

9

significant character at the sub-family level. Their scheme subsequently divides the
Corallinaceae into 8 subfamilies. J. Cabioch and Y. M. Chamberlain proposed a
second scheme which does not place primary emphasis on genicula (Woelkerling
1988), but instead considers the presence or absence of secondary pit connections
to be of utmost taxonomic importance at the sub-family level. This second scheme
divides the Corallinaceae into 6 subfamilies. Further research and new characters
are needed to discern which, if either, scheme is correct.
One such possible character is the presence or absence of an electron
dense material (EDM) around sporangial nuclei (Wilson 1993). Not much is known
about the biochemical makeup and function of EDM. In spite of this handicap,
several ultrastructural studies have postulated that the presence or absence of
EDM adjacent to nuclei in developing sporangia could be of taxonomic significance.
Currently, two of the eight subfamilies in the Corallinaceae have been found to
possess EDM surrounding the nucleus (Table 2). The presence of EDM has been
observed in ten members of the subfamily Corallinoideae, whose genera all have
cell fusions and no secondary pit connections. The other subfamily which also has
EDM, the Mastophoroideae, is likewise characterized by cell fusions and no
secondary pit connections.
Mastophoroideae.

Beasley (1997) examined three genera within the

She found that while two genera in the Mastophoroideae

possessed EDM, the genus Hydrolithon, a taxonomically problematic genus, lacked
EDM.
Choreonema (subfamily Choreonematoideae) has neither cell fusions nor
secondary pit connections and lacks EDM in its tetrasporangia and carposporangia
(LaPointe 1995). Agee and Broadwater (1995) and Griffin (1997) demonstrated
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that sporangia in the subfamily Melobesoideae contained perinuclear associations
of mitochondria and chloroplasts, possessed cell fusions, but lacked EDM. This
subfamily is unusual in that all genera have multiporate instead of uniporate
tetrasporangial conceptacles. Both Amphiroa (Dearstyne 1994, Hanke 1994) and
Lithothrix (Mansfield 1994), the only two members of the subfamily Amphiroideae,
have secondary pit connections, and lack EDM in their tetrasporangia. These
findings indicated that EDM may be consistent enough at the subfamilial level to
warrant use as a taxonomic character. When the presence/absence of EDM and
the specific type of cell connections are used to separate the various corallinaceaen
subfamilies, the resulting groups are more similar to the Cabioch and Chamberlain
scheme than to the Johansen and Woelkerling scheme.

Cabioch’s and

Chamberlain’s work have helped place emphasis more on cellular characters rather
than the gross morphology of an algal taxon.
The aim of this project is to further the knowledge of coralline ultrastructure
by examining various

aspects of tetrasporogenesis within the subfamily

Lithophylloideae. The Lithophyiloideae consists of four non-geniculate genera
which all possess secondary pit connections and no cellular fusions. Under the
Johansen/Woelkerling scheme they would be placed in their own subfamily. In the
Cabioch/Chamberlain scheme, the Lithophylloideae would be combined with the
Amphiroideae, a geniculate subfamily with secondary pit connections. This project
examines two features: 1) consistency of general ultrastructural patterns of
sporogenesis and, 2) the presence of specific perinuclear associations which might
allow comparisons with other geniculate and non-geniculate coralline algae. These
features have already been looked at in five of the seven subfamilies of the
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Corallinaceae.
The hypothesis of this paper is that the members of the Lithophylloideae will
lack EDM and thus support the Cabioch/Chamberlain scheme over that of
Johansen/Woelkerling.

METHODS AND MATERIALS
TRANSMISSION ELECTRON MICROSCOPY
Specimens of Titanoderma pustulatum encrusting eel grass (Zostera marina)
and periwinkles (Bittium varium) were collected from Cape Charles, Virginia at
midday in early July 1997 and were fixed in the field for study with the transmission
electron microscope (TEM).

The specimens were placed in a mixture of 4%

glutaraldehyde, 0.1 M phosphate buffer with 2% EDTA (to remove calcium), and
0.25 M sucrose at pH 6.8 for three hours, followed by three 10 minute buffer rinses.
Specimens were postfixed in 1% 0 s 0 4 in the same buffer for two hours and rinsed
briefly in distilled water. They were then dehydrated by using an ascending series
of acetone rinses with an overnight rinse in 70% acetone with 2% uranyl acetate.
After a final three rinses in 100% acetone, specimens were infiltrated in Embed 812.
At this stage those conceptacles on periwinkle shells were carefully scraped off with
a razor blade and placed in resin. All specimens were then polymerized at 7 0 °C
for three days.

Specimens were serially sectioned using a RMC MT 6000X

ultramicrotome,

stained

one

minute

in

lead

hydroxide,

and

placed

on

formvar-coated, one-hole copper grids. Grids were observed with a Zeiss EM 109
TEM and photographs were taken using T-max 100 film.
Lithophyllum pustulatum and Lithophyllum dispar were collected at Bodega
Bay, California in November 1994. Specimens were found encrusting various red
algal hosts. They were preserved and prepared for TEM in the same manner as
Titanoderma (J. Scott, personal communication).
12
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SCANNING ELECTRON MICROSCOPY
Specimens prepared for the scanning electron microscope (SEM) were air
dried, rinsed in distilled water for 2 days, and re-dried before mounting on aluminum
stubs with colloidal graphite. The stubs were then coated with a 20 nm layer of
gold-palladium in a Hummer VII sputtercoater, observed on an AMRAY 1810 SEM,
and photographed with 35 mm T-max 100 film.
LIGHT MICROSCOPY
Air dried specimens of Lithophyllum and Titanoderma were photographed
with an Olympus S2H10 stereophotomicroscope using 35 mm Ektachrome 64 film.
Thick sections of material prepared for TEM (0.5-2 /um thick) were stained with
0.1% toluidine blue for 25 seconds and then photographed with an Olympus BH-2
photomicroscope using bright field optics and 35 mm Ektachrome 64 film.

RESULTS
GENERAL THALLUS CONSTRUCTION
Lithophyllum and Titanoderma
Lithophylloideae is a non-geniculate subfamily having secondary pit
connections. The four genera within the Lithophylloideae are either parasitic (one
genus, not shown), or epiphytic on animals (Figs. 1, 3), rocks, or vegetation (Figs.
2, 32, 53).

Several spore germination disks of Titanoderma pustulatum were

detected on thalli epiphytic on various blades of Zostera marina (Fig. 4). From the
germination disk the thallus grows outward along the substrate. The meristematic
tissue can be identified as undifferentiated tissue along the edges of the thallus
(Fig. 6).

The first layer of cells, the primigenous layer, is either composed of

palisade cells (cell length is substantially less than cell height) or columnar cells
(cell diameter is substantially less than cell length). Any cells arising from the
primigenous layer are termed postigenous cells and are comprised chiefly of
columnar cells. The primigenous layer is made up of palisade cells in Titanoderma
(Fig. 6), but is composed of columnar cells in Lithophyllum (not shown).
difference in primigenous cell composition sets

This

Titanoderma apart from

Lithophyllum. Epithallial cells, the outermost layer of vegetative cells, are typically
one to two cells deep (Figs. 10, 34).
Thallus thickness varies among members within the Lithophylloideae.
Individuals of Titanoderma (Fig. 9) and Lithophyllum (not shown) can be five or
more cells thick. Lithophyllum and Titanoderma specimens examined in this study
14
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are “epigenous” (attached to a substrate). An epigenous thallus can have one or
more of four forms: unconsolidated, crustose, protuberant, and taeniform
(ribbon-like). All three species observed are crustose, which is the most common
and diverse thallus form. The crustose portions of the plants have a dimerous
organization, meaning that the thallus is constructed of two distinct filaments,
primigenous and postigenous filaments oriented at right angles to each other, as
opposed to being monomerous with only primigenous filaments.

Secondary pit

connections were easily observed in Titanoderma (Figs. 8, 10) and both
Lithophyllum specimens (Figs. 34, 55) observed with the SEM.

Trichocytes

(specialized, potentially hair-producing vegetative cells) where found scattered over
the surface of the thallus (Fig. 7) in loose aggregations on Titanoderma.

No

trichocytes where observed on either Lithophyllum pustulatum or Lithophyllum
dispar.
GENERAL CONCEPTACLE CONSTRUCTION
Within the Lithophylloideae, conceptacles are typically scattered over the
thallus surface and can be conspicuously raised, partially submerged, or completely
submerged (buried) with respect to the thallus surface.

Conceptacles of T.

pustulatum and L. pustulatum are conspicuously raised (Figs. 3, 5, 54) and arise
from subepithallial initials. Those of L. dispar are submerged (Fig. 33). These
three species, as in all Lithophylloideae, have only one exit pore and lack a pore
plug (Figs. 33, 54). Conceptacles of T. pustulatum can range from 100 to 150 /^m
in diameter. The conceptacle roof is three to four cells thick in T. pustulatum (Figs.
9,10); in Lithophyllum dispar the conceptacle roofs are buried 3-5 cells below the
thallus surface. A columella can be present or absent in the Lithophylloideae; a
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columella was observed in L dispar (Fig. 35) but not in T. pustulatum nor L.
pustulatum (Figs. 9, 56).
TETRASPORANGIAL DEVELOPMENT
Sporangia form in various localities within coralline algal conceptacles. They
can occur scattered along the conceptacle floor, along the periphery of the
conceptacle floor, simultaneously on the conceptacle floor and roof, on the
conceptacle periphery and floor, or at the center of the conceptacle floor. For all
species observed, sporangia were only found scattered along the conceptacle floor
and the floor periphery (Figs. 9, 35, 56).
Tetrasporogenesis is broken down into four stages based on criteria from
Scott and Dixon (1973) and Vesk and Borowitzka (1984). Stage 1 consists of
sporangial development prior to meiosis. Meiosis occurs during stage 2, which was
not observed during this study due to the speed at which meiosis is thought to occur
(Vesk and Borowitzka 1984, Karnas 1995).

Stage 3 encompasses sporangial

growth prior to completion of cleavage. Stage 3 is broken down further into three
more stages based primarily on organelle development. During stage 4, cleavage
is completed and spores are subsequently released. Unfortunately, stage 4 was
never observed in this study.
STAGE 1
Titanoderma
Very few stage 1 sporangia were observed and those that could be identified
as stage 1 were poorly preserved. (Titanoderma appears to follow the same pattern
as Lithophyllum during stage 1.)
Lithophyllum
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Although few Stage 1 sporangia of either Lithophyllum species were
found, none were well preserved. Consequently, no micrographs of this stage
are included in this study.
STAGE 3a
Titanoderma
During early stage 3a (Figs. 11, 12), sporangia have thick walls (1.0 ^m).
A very distinct feature of early stage 3a is the formation of cleavage furrows. Three
cleavage furrows form along the periphery of the sporangium and advance slightly
throughout stage 3a (Fig. 13). Large vacuoles are present and few in number.
There are several smaller opaque vacuoles found scattered throughout the
cytoplasm (Figs. 14, 15). The sporangial cytoplasm has many clusters of these
small electron dense (osmiophilic) vesicles (Fig. 15) as well as a few larger
electron-dense inclusions (Fig. 13).

The mucilage layer lies between the

plasmalemna and the sporangial wall and is quite distinct (Fig. 14). Since meiosis
occurred during stage 2, four nuclei are now present, although rarely more than two
can be observed within a single section. Nucleoli are conspicuous and in many
cases possess a nucleolar vacuole (Fig. 13). Electron-dense material (EDM), as
seen in some coralline sporangia at this stage, is not present. Smooth endoplasmic
reticulum (SER) is found lining the outer edge of the cytoplasm. Plastids have a
peripheral thylakoid and a few have one to two central thylakoids in the stroma.
During late stage 3a, the sporangium is larger and few vacuoles are present.
Osmiophilic vesicles which are found throughout the cytoplasm, start to aggregate
within the cytoplasm. These osmiophilic vesicles appear to be Golgi-derived. The
number of Golgi bodies have also increased. A Golgi-mitochondrion association
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can readily be seen at this stage (Fig. 14). Rough ER (RER) is quite prominent in
late 3a (Fig. 15). Smooth surfaced ER-like membranes are seen encompassing the
nuclear envelope late in this stage. Many times the smooth membranes appear to
be discontinuous, but the discontinuity may be due to plane of sectioning.
LithophyHum
Sporangial development is similar to Titanoderma.

Since very few well

preserved stage 3a L. pustulatum sporangia were observed, most observations
were made on L dispar sporangia. Three cleavage furrows are visible at this stage
and advance slightly throughout stage 3a (Fig. 38). Exocytosis is quite prominent
along the edge of the cytoplasm (Fig. 36). Many small vacuoles are present. Golgi
bodies are present and are increasing in numbers. Rough ER occurs in large
amounts within the cytoplasm.

Osmiophilic vesicles are seen and begin to

aggregate randomly in the cytoplasm. Nuclei lack EDM and some have smooth
membranes around their periphery (Figs. 37, 41). Nucleolar vacuoles are common
in both species of LithophyHum (Fig. 40). Smooth peripheral ER (PER) is also
present (Fig. 39).

L. pustulatum, but not L. dispar; has a nuclear association

consisting of an aggregation of immature chloroplasts completely surrounding the
nucleus (Fig. 57).
STAGE 3b
Titanoderma
At early stage 3b, cleavage furrows are deeper and the mucilage layer is less
visible due to sporangial elongation (Figs. 16,17). Vacuoles are no longer present.
No EDM is present in the cytoplasm or near the nuclei. Rough ER still occurs in
large amounts (Fig. 18) and smooth membranes are found encircling the nucleus
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(Figs. 20, 21). Cytoplasmic organelles are more prominent as the sporangium
continues to grow (Fig. 16). Thylakoid numbers within chloroplasts have increased
(Figs. 17, 18). The Golgi bodies, still associated with mitochondria, are more
numerous and larger than in the previous stages and their cisternae are more
curved than in stage 3a (Fig. 19). Starch begins to form randomly throughout the
cell but is often difficult to detect due to fixation.
At mid stage 3b, there are many more osmiophilic vesicles than in stage 3a
and these occur in large aggregations (Figs. 22-24, 27). There is still no evidence
of EDM, although some smooth membranes still line the periphery of the nucleus.
The organelles typically found around nuclei are starch granules and chloroplasts,
but not with any consistency (Fig. 27). Starch granules are very abundant (Figs.
22, 24) and form in clumps between RER cisternae. The forming starch granules
appear as compactly stacked tiers, but as the sporangia mature the tiers become
more disorganized (Fig. 27). The majority of the chloroplasts appear to be fully
matured (Fig. 24), but do not abut the nuclear envelope as they do in L. pustulatum.
Tubular connections were observed between several mature chloroplasts
connecting two chloroplasts forming a “bridge” like structure (not shown). The
Golgi-mitochondrion association is still prominent (Figs. 25, 26).

Golgi body

cisternae are fully curved and appear to still be producing large quantities of
osmiophilic vesicles (Figs. 26, 27). Late stage 3b was not observed in this study.
LithophyHum
LithophyHum, again, follows a similar pattern to that of Titanoderma at
stage 3b. The cleavage furrows continue to advance and the mucilage layer
thickness has decreased significantly (Fig. 43). Osmiophillic vesicles clump in
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greater numbers (Figs. 43, 45). Rough ER still occurs in large amounts (Fig.
44). Smooth membranes can be seen surrounding the nucleus of both
LithophyHum species (Figs. 46, 47, 59) although in L. pustulatum a chloroplast
association is still maintained with the nucleus (Fig. 58). No evidence of EDM is
present in either species. Golgi body cisternae are completely curved at this
stage. Starch granules form in single rows between RER at early 3b, as seen in
L. dispar (Fig. 44), and then begin to aggregate in the cytoplasm at late 3b (Fig.
42). The chloroplasts continue to increase in numbers and size as the
sporangia grow. Tubular connections between chloroplasts observed in
Titanoderma were also found in both LithophyHum species (not shown).
STAGE 3c
Titanoderma
Cleavage furrows have extended about halfway through the cytoplasm (Fig.
28) and have stopped advancing. The mucilage layer is extremely thin. The only
consistent close nuclear association is the smooth membranes surrounding the
nuclei (Fig. 31). Chloroplasts, vesicles, and starch granules are seen near but not
significantly associated with the nucleus (Fig. 30). Golgi bodies are reduced in size
and number. Starch granules and small osmiophilic vesicles are found randomly
throughout the cytoplasm (Fig. 29). Chloroplasts have enlarged slightly and all
appear mature. Tubular connections found between mature chloroplasts in stage
3b are still present. Golgi bodies are reduced in both size and number At late
stage 3c, chloroplasts, starch granules and small vesicles are no longer found in
compact clumps, instead they are scattered throughout the cytoplasm.
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LithophyHum
LithophyHum follows the same pattern as Titanoderma during stage 3c. At
late stage 3c, organelles can be seen scattered throughout the cytoplasm (Fig.
48). The sporangia! wall is thin and only a small mucilage layer can be seen
(Fig. 49). The nucleolus is still present at this stage (Fig. 51). Smooth
membranes are found surrounding the nucleus (Fig. 52). Chloroplasts have
enlarged slightly and all appear mature at this point (Fig. 49). Tubular
connections found in stage 3b are still present. Golgi bodies have become
reduced in both size and numbers (Fig. 50).
STAGE 4
This last stage was not observed in Titanoderma nor in either species of
LithophyHum.

DISCUSSION
The focus of this research is to examine tetrasporogenesis within several
species of subfamily Lithophylloideae (sensu Johansen and Woelkerling 1988) with
the goal of finding ultrastructural characters that might be of value in coralline
systematics. The general developmental stages of sporangia among the species
examined within the Corallinales have many similarities. These similarities include
sporangial elongation and enlargement, organelle replication, various types of
vesicle formation, and nuclear changes. Dissimilarities within the corallines include
organelle numbers, cellular organelle associations, chronology of organelle
appearance, and nuclear associations with various cellular components. Our lab
has studied six of the eight subfamilies within the Corallinales concentrating on the
ultrastructural features of the three types of sporangia: carposporangia, bisporangia
and tetrasporangia (Wilson 1993, Karnas 1995, LaPointe 1995, Beasley 1997,
Griffin 1997, Mays 1997).
Differences among the various stages of sporogenesis have been viewed as
a valid means of distinguishing some taxa from others. It has been reported that
the majority of corallines follow the same general pattern of sporogenesis, which is
broken down into four distinct stages (Vesk and Borowitzka 1984, Wilson 1993,
Karnas 1995, Griffin 1997, Mays 1997) distinguished by gradual or abrupt changes
in sporangial ultrastructure.
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General Sporangial Development
No bisporangia or carposporangia were observed in this study, but the
development of tetrasporangia, bisporangia and carposporangia have been shown
to be quite similar (Wilson 1993, Agee and Broadwater 1995, Karnas 1995,
LaPointe 1995, Griffin 1997). During stage 1 the sporangium is small, uninucleate,
and attached to a stalk cell. Characteristic features of this stage are the basally
located nucleus and several large vacuoles.

Stage 2 is characteristic of only

tetrasporangia and bisporangia undergoing meiosis in the former and mitosis in the
later. Nuclear division occurs very quickly, so it is rarely observed (Wilson 1993)
and was not observed in this study. The stage that currently provides the most
taxonomic information is stage 3. This stage is further broken down into three
substages. Cytoplasmic features examined were Golgi body structure and number,
Golgi-derived vesicles, chloroplasts, and nuclear associations, the latter feature
being the cellular feature of most concern. During stage 4, tetrasporangia and
bisporangia are completely cleaved and ready to be released. Carposporangia,
while not undergoing any type of nuclear or cytoplasmic division, possess intra- and
extracellular ultrastructure comparable to that of tetrasporangia and bisporangia
(Wilson 1993, Agee and Broadwater 1995, Karnas 1995, LaPointe 1995, Griffin
1997).

Stage 4 was also not observed due to the apparent speed at which it

occurs.
Sporangial Development in Titanoderma and Lithophvlum
The tetrasporangia! wall and cleavage furrows were used primarily to
indicate the progress of sporangial growth and do not demonstrate any characters
of taxonomic significance.

As the sporangium develops, the sporangial wall

becomes thinner and cleavage furrows form and continue to extend deeper into the
cytoplasm until late stage 3.

Each of these layers could be seen in stage 3

Titanoderma and for both LithophyHum species. At late stage 3, cleavage furrows
apparently arrest until the proper time for tetraspore release is attained. At stage
4 full cleavage of sporangia occurs and a “spore waif forms around each spore (not
observed in this study). During stage 4, in all coralline sporangia where this stage
has been observed, a thin mucilage layer is observed adjacent to the
plasmalemma. A short distance from the plasmalemma a thin, usually perforated
spore wall is found. Further to the outside is a thick layer of mucilage appressed
to the original tetrasporangial wall. The greatest degree of development at the
sporangial periphery is seen during stage 4 (Wilson 1993).
Starch formation, which is not visible until late stage 3a, within Titanoderma
and LithophyHum is typical of coralline red algae. Starch is observed forming in
single tiered rows of various lengths between parallel rows of RER cisternae in
Titanoderma and in both species of LithophyHum. This same mode of starch
formation was seen in Amphiroa, Lithothrix and Choreonema (Borowitzka 1978,
Wilson 1993, LaPointe 1995). In Bossiella, starch formation still occurs between
RER cisterna, but also forms tight clusters around cytoplasmic vacuoles (Wilson
1993). Although Wilson stated that the starch/ER association does not exist in
Titanoderma, it was present in Titanoderma pustulatum and in both species of
LithophyHum examined in this project. At the same time, chloroplasts have begun
to mature and RER is prolific.
At about mid-stage 3b and at stage 3c starch granules became clumped in
both LithophyHum and Titanoderma. Starch grains continue to grow in size and in
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numbers throughout stage 3. At stage 4, starch grains reach maturity (Wilson
1993, Griffin 1997, Mays 1997). It is believed the surge of starch production at
stage 3 provides newly released spores with enough energy for germination.

At

the subfamilial level, no taxonomic significance is given to mode of starch formation
(Mays 1997).
Another commonly observed organelle is RER, which has been observed in
all four stages (Wilson 1993, Karnas 1995, Mays 1997).

RER is abundant

throughout the cytoplasm during late stage 3a and early stage 3b in Titanoderma
and in both species of LithophyHum. At stage 3c, RER is still detectable but is not
as abundant. Patches of RER are seen scattered within the cytoplasm and a thin
layer of SER can be seen at the periphery of the sporangium.

No significant

morphological differences were seen in RER during development; thus, it cannot
be considered taxonomically significant. Smooth membraned ER surrounding the
nuclei are observed throughout development of both LithophyHum and Titanoderma,
as is typical of sporangia of all coralline genera observed to date (Mays 1997).
Red algal vacuoles are thought to function much the same way as they do
in terrestrial plants. Vacuoles in plant cells function as osmoregulators and storage
sites for sugars, salts, and waste products (Murray and Dixon 1992). Pueschel
(1990) states that unicellular algae that lack cell walls are less able to utilize small
vacuoles to generate turgor.

Pueschel also mentions that

unicellular algal

vacuoles are generally presumed to have lysosomal enzymes, which break down
various substances.

Vacuolation is thought to promote cell elongation during

post-discharge spore development (Dixon 1973, Pueschel 1990, Wilson 1993).
Vacuoles were persistent throughout stages 3a and 3b for both LithophyHum and
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Titanoderma, a pattern seen in other corallines (Wilson 1993, Karnas 1995, Griffin
1997, Mays 1997). Hollis (1994) noted that at least one species of Corallina had
vacuoles persist through stage 4.

Vacuoles within Titanoderma and the two

LithophyHum species are quite prominent during initial cell elongation, but no
taxonomic significance could be determined.
Plastid development is easily observed during tetrasporogenesis. Young
plastids first form a circular thylakoid which lines the inner membrane typically
during early stage 3a, but they have also been observed in stage 1 (Wilson 1993).
The circular or peripheral thylakoid is thought to give rise to all other thylakoids via
localized growth (Vesk and Borowitzka 1984, Pueschel 1990). As the plastids
mature, genophores (DNA regions) within the stroma appear fibrillar in electron
transparent regions using the TEM (Pueschel 1990).
Chloroplast development within Lithopyllum and Titanoderma follows the
same pattern as that of other members of the Corallinaceae (Wilson 1993, Karnas
1995, LaPointe 1995, Griffin 1997, Mays 1997). At stagel LithophyHum dispar had
few mature chloroplasts, as was observed in other corallines. During stage 3a,
chloroplast numbers generally increase and begin to form one to three internal
thylakoids. At the transition from late stage 3a and early stage 3b, chloroplasts
continue to mature as their numbers increase. At stage 3c, chloroplasts have fully
matured with 5-15 internal thylakoids. Chloroplasts were observed dividing through
late stage 3c in this study, which is similar to the carposporangia of Lithothrix
aspergillum, which divide throughout development (Borowitzka 1978). Chloroplasts
are fully mature by the end of stage 4 (Wilson 1993). Similar to Titanoderma, when
chloroplasts in Lithothrix have five or more thylakoids, starch grains appear within
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the cytoplasm (Borowitzka 1978).
During chloroplast division, a peculiar chloroplast phenomenon was noted
in the sporangia of Titanoderma at mid and late stage 3; tubular connections were
observed interconnecting chloroplasts. A chloroplast can be linked to one or more
chloroplasts through several “bridges”. These bridges typically have a single
thylakoid running through them. Vesk and Borowitzka (1984) also noted chloroplast
bridges occurring in tetrasporangia of Haliptilon. The function of these bridges is
unknown. It is possible that they serve as a means of communication between
chloroplasts during development (Vesk and Borowitzka 1984).
The Golgi body is found throughout spore development. Wilson (1993)
breaks down Golgi body development into two phases, the first being mucilage
production and the second being adhesive vesicle production. The mucilage most
likely acts as a protective coating following spore release. This same pattern of
mucilage production is found within LithophyHum and Titanoderma. Golgi body
production at stage 1 consists mainly of mucilage which is transported to the
sporangium periphery and exocytosed.

This mucilage is thought to consist of

various types of carbohydrates (Alley and Scott 1977).
At early stage 3a, Golgi bodies are larger and their outer cisternal edges are
more curved. The mid-region is fused so that no space can be seen between the
cisternae. This feature is unique among red algae and has not been found in any
other plant or animal genera (Alley and Scott 1977, Wilson 1993, Dearstyne 1994).
During stage 3b the Golgi bodies are at full size, with 4-15 cisternae, and begin
producing an abundance of osmiophilic vesicles.

The exact function of these

osmiophilic vesicles is not known. Late stage 3c Golgi body numbers and size are

28

reduced. At stage 4, Golgi bodies are reportedly reduced in size and vesicle
production is at a minimum (Mansfield 1994, Griffin 1997, Mays 1997). A peculiar
feature in many red algae is the cis-region of the Golgi body, which is typically
found near a mitochondrion (Pueschel 1990). This Golgi-mitochondrial association
is very obvious within LithophyHum and Titanoderma. The Golgi-mitochondrial
association also occurs in Amphiroa but is apparently lost at later stages of
development (Dearstyne 1994). Because the Golgi-mitochondrial association is
found throughout nearly all the red algal orders, it has no taxonomic significance
at the subfamilial level (Wilson 1993, Dearstyne 1994, Hanke 1994, Hollis 1994,
Karnas 1995, Griffin 1997, Mays 1997).
Golgi body products vary during spore development, as judged by the
varying electron densities of Gogi body vesicles. However, there is no method to
determine vesicle composition by using only morphological information.

The

variation may be due to different chemical compositions, but Wilson (1993) felt that
some variation in vesicles may result from ecological factors or even be artifacts of
fixation. A thorough chemical analysis would need to be done to better understand
vesicle composition and possible function.
Only a few chemical studies have been performed on algal vesicles. Most
vesicles are believed to be filled with either mucopolysaccharides or glycoproteins
(Alley and Scott 1977). Large osmiophilic vesicles seen at stage 1 consist mainly
of mucilage. During stage 3a, vesicles are small and dark-cored and occasionally
large, moderately electron transparent vesicles are seen. These vesicles have
been termed “adhesive vesicles” by several authors (Chamberlain and Evans 1973,
Vesk and Borowitzka 1984, Wilson 1993). Around late stage 3a and early 3b
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mucilage production ceases but osmiophilic vesicle production has increased
significantly. These osmiophilic vesicles occur highly aggregated. At mid to late
3c osmiophilic vesicles become dispersed and are no longer clumped. This surge
of osmiophilic vesicle production ceases around stage 3c, right before the
sporangium completely cleaves and the tetraspores are released from the
conceptacle. Since osmiophilic vesicles are found in the sporangia of all corallines,
they cannot be used as a taxonomic character at the subfamilial level, but could
possibly be used at other taxonomic levels with additional cytochemical studies.
The only significant nuclear association is seen during stage 1 for both
LithophyHum and Titanoderma: smooth membranes surround the nuclear envelope.
These smooth membranes completely encircled the nucleus and at times consisted
of more than one profile.

At stage 3, when chloroplasts, Golgi bodies,

mitochondria, and osmiophilic vesicles are found near the nuclear envelope, the
smooth membrane association can still be observed.

This smooth membrane

association with the nucleus is seen in several other coralline genera, with the
exception of members of the Melobesoideae (Wilson 1993, Griffin 1997, Mays
1997). The lack of a smooth membrane association may serve as an indicator for
separating the Melobesiodeae from all other subfamilies.
Chloroplasts are not associated with the nucleus in T. pustulatum and in L.
pustulatum, but a conspicuous chloroplast-nucleus association was observed in L.
dispar.

In L. dispar, chloroplasts completely lined the nuclear envelope during

stage 3b while still permitting a few starch granules and Golgi bodies to be
positioned between them and the nuclear envelope. Other coralline genera that
have been observed with a perinuclear chloroplast association include Amphiroa
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(Hanke 1994), Neogoniolithon (Beasley 1997),

Spongites (Beasley 1997),

Melobesia (Griffin 1995), and Lithothamnion (Griffin 1997) (Table 2).

The

chloroplast association apparently occurs sporadically within coralline subfamilies
and is therefore not a useful taxonomic indicator.

Another nuclear feature

encountered frequently are nucleolar vacuoles. The majority of nuclei observed in
both LithophyHum and Titanoderma contained nucleolar vacuoles.

Nucleolar

vacuoles are common in many other species of corallines (Wilson 1993, Mansfield
1994, Griffin 1997).

The functional significance of nucleolar vacuoles is

undetermined, though Peel et al. (1973) indicated that they may be a sign of
nuclear hyperactivity.
In a single plane of sectioning, nuclei of both LithophyHum and Titanoderma
at stage 3 are staggered within the sporangium, similar to what was seen in
Amphiroa (Hanke 1994). The shape of the nuclear envelope varies greatly in the
three species studied. All three species observed had irregularly shaped nuclei
instead of circular nuclei, which is typical of corallines in late stage 3 and in stage
4 (Wilson 1993). This irregularity in shape may be caused by the increase in
vesicle and organelle production.
The presence of an EDM-nuclear association was sought for both
LithophyHum species and T. pustulatum, but no association was detected during
any stage of tetrasporogenesis. EDM has been found in several genera within the
Corallinales. Peel et al. (1973) were the first to indicate its existence in coralline
algae; they postulated that EDM may be involved with ribosome production. EDM
was thought to be an indicator of nuclear hyperactivity and/or associated with
ribosome assembly due to its close association with the nuclear envelope in
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Corallina officianalis (in Peel et al. 1973). An EDM-like material has also been
noted to occur in several green algal genera within the order Dasycladales (Peel
et al. 1973, Berger et al. 1975). Berger et al. (1975) proposed that green algal EDM
may be associated with rRNA. Although the functional role of EDM is not fully
understood, its appearance is restricted to times of rapid reproductive development
in algae.
EDM in coralline sporangia occurs in several forms around the nucleus but
is restricted to specific developmental stages. EDM has been found mainly during
stage 3c and occasionally during stage 1 and 4. The parallel type of EDM is
defined as EDM that is closely associated with ER which runs parallel to the nuclear
envelope.

Radiate-type occurs when the ER and associated EDM is found

perpendicular to the nuclear envelope. EDM appearing only in invaginations of the
nuclear envelope is called the invaginate-type. The intermediate-type begins with
EDM occurring in nuclear invaginations and later in development ER and
associated EDM radiates out from the nuclear envelope.

The functional

significance of each EDM type is unknown at present, but the taxonomic
significance appears to be promising since each type of EDM formation only occurs
within particular genera of Corallinales (Wilson 1993, Karnas 1995, Griffin 1997,
Mays 1997) and is discussed later.

Taxonomic Relevance
Currently there is a dispute as to how to classify subfamilies within the
Corallinales. The differences in opinion are centered on two different schools of
thought (Table 1). Johansen (1969, 1976, 1981) and Woelkerling (1987, 1988)
have divided the Corallinales into eight subfamilies based primarily on four
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characters: 1) presence or absence of genicula, 2) type of genicula, 3) presence of
cell fusions or secondary pit connections, and 4) uniporate or multiporate
conceptacles (Table 1). This classification scheme is used by most taxonomists
today.
Cabioch (1971) and Chamberlain (1978) proposed a different taxonomic
scheme dividing the Corallinales into six subfamilies based on three primary
characters: 1) presence of cell fusions or secondary pit connections, 2) uniporate
or multiporate conceptacles, and 3) presence or absence of genicula (Table 1).
This unresolved dispute pertains to how much emphasis should be placed on using
the presence/absence of genicula as the main taxonomic characteristic versus
using cell fusion/secondary pit connections for the circumscription or recognition of
the Amphiroideae, Lithophylloideae, Corallinoideae and Mastophoroideae.
The Johansen and Woelkerling classification has been criticized as being
phenetically based (Bailey and Chapman 1996).
conceptacle

structure

and

vegetative

features

Johansen (1972) states that
of

both

geniculate

and

non-geniculate taxa are closely related but that both groups are “sharply
distinguished” by genicula and that Cabioch is “unwarranted” in establishing two
subfamilies consisting of both geniculate and non-geniculate genera. A way to help
solve this dispute would be to find other characters that could better determine the
most likely phylogeny of these subfamilies.
Bailey and Chapman (1998) used 18s ribosomal RNA gene sequence
analysis to determine the most probable evolutionary relationships among 35
coralline species (Table 3). They found that the Melobesioideae formed an isolated
clade as shown in the current taxonomic scheme (Bailey and Chapman 1998).
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Their analysis also led to the support of a monophyletic clade comprising of the
subfamiles

Amphiroideae,

Lithophylloideae,

Mastophoroideae

and

Metagoniolithoideae. This classification does not follow any previously suggested
classification scheme. Though Amphiroa and Metagoniolithon do have multizonate
genicula, their genicular development is very different.

Amphiroa also has

secondary pit connections while Metagoniolithon has cell fusions.

The

Lithophylloideae and Mastophoroideae are both nongeniculate subfamilies, but the
Lithophylloideae have secondary pit connections while the Mastophoroideae have
cell fusions.
Bailey and Chapman (1998) were able to support the hypothesis that the
Amphiroideae is a monophyletic group and that Amphiroa is a derived relative of
Lithothrix, using molecular data and comparative studies of genicular anatomy and
development compiled by Garbary and Johansen (1987). Bailey and Chapman
(1998) suggested that the Lithophylloideae is a sister taxon to the Amphiroideae
and support the combination of both subfamilies into one group as Cabioch and
Chamberlain have proposed. Since only one member of the Lithophylloideae was
sequenced as apposed to 3 members of the Amphiroideae, Bailey and Chapman
stated more members of the Lithophylloideae would need to be sequenced to
determine their correlation. The Melobesioideae and Corallinoideae were both
shown to be monophyletic. Incorporating information from fossilized corallines,
Bailey and Chapman stated that the presence or absence of genicula is not a
phylogenetically informative character for coralline algae.
The Cabioch/Chamberlain classification is given more support by a study
of spore germination patterns (Chihara 1974). Chihara found two primary spore
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germination patterns, Amphiroa-type and Corallina-type.

The Amphiroa-type

includes the Lithophylloideae and the Amphiroideae. The Corallina-type includes
the Corallinoideae, Mastophoroideae and Melobesoideae. The spore germination
patterns

linking

Amphiroideae

and

Lithophylloideae

fit

well

with

the

Cabioch/Chamberlain classification and not the Johansen/Woelkerling scheme.
Chihara also states that it is more natural to divide the Corallines into two groups
based on the manner of cell connection rather than based on the presence or
absence of genicula.
Ultrastructural studies by our lab lend support to the Cabioch and
Chamberlain taxonomic scheme (Table 2). The presence or absence of EDM has
been more consistent with Cabioch/Chamberlains’ classification than that of
Johansen/Woelkerlings’. The presence of EDM as found in the Corallinoideae and
Mastophoroideae has been correlated with the occurrence of cell fusions, but not
secondary pit connections (Beasley 1997, Griffin 1997, Mays 1997). Those genera
lacking EDM typically have secondary pit connections instead of cell fusions (Griffin
1997)

or

neither

type

of

secondary

intercellular

connection

as

in

Choreonematoideae (LaPointe 1995). These correlations are challenged by the
Melobesoideae which lack EDM but have cell fusions. Based on the idea that the
Melobesoideae is the oldest group, which is supported by molecular data (Bailey
and Chapman 1996, 1998), Griffin (1997) proposes that the Melobesoideae
diverged from a common ancestor within the Corallinales prior to the evolution of
EDM.

It is possible, however, that a reversal could have occurred and the

Melobesoideae have simply lost the EDM character.
unresolved and requires further study.

This matter is currently
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The genus Hydrolithon, in the Mastophoroideae, lacks EDM, which is
contrary to all other studied members of the Mastophoroideae (Beasley 1997). The
reason for this difference is unresolved, but one possibility is that this subfamily is
paraphytetic (i.e. Hydrolithon may be misplaced). Spore germination patterns are
widely varied within Hydrolithon species, none of which are either the Amphiroatype or Corallina-type.
Cabioch combines the geniculate Amphiroideae and the non-geniculate
Lithophylloideae into one subfamily. All genera of these two subfamilies lack the
EDM nucleus association. The Amphiroideae and Lithophylloideae have many
other similarities among them; both have uniporate conceptacles and secondary pit
connections, and follow the Amphiroa-type of spore germination. The three species
within the subfamily Lithophylloideae examined in this study have many similarities
with the subfamily Amphiroideae, including secondary pit connections, uniporate
conceptacles, lack of EDM and Amphiroa-type spore germination.
The

Cabioch/Chamberlain

scheme

also

combines

the

geniculate

Corallinoideae and the non-geniculate Mastophoroideae, both of which do have
EDM around the nucleus. Other similarities between the Corallinoideae and the
Mastophoroideae include uniporate conceptacles, cell fusions, and the Corallinatype spore germination pattern, with the exception of Hydrolithon as mentioned
earlier.
Cellular information, DNA sequencing data, and spore germination patterns
indicate that separating coralline algae using gross morphology does not
adequately describe the relationship among the different subfamilies.
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Future Ultrastructural/Cytochemical Research
Cytochemical analysis is needed to identify the material found within the
various types of osmiophilic vesicles for possible taxonomic significance.
Cytochemical analysis also needs to be performed on EDM to determine its role in
coralline algal reproductive differentiation. Ultrastructural studies are still needed
for the two remaining genera within the Lithophylloideae, for several more genera
within the Mastophoroideae, two remaining genera in the Corallinoideae, and for
the subfamilies Austrolithoideae (two genera) and Metagoniolithoideae (one
genus).
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Table 1: Competing Classification Schemes of Coralline Red Algae
CORALLINE CLASSIFICATION SCHEME ACCORDING TO JOHANSEN (1981) AND
WOELKERLING (1988)
Amphiroideae
Amphiroa
Lithothrix

Lithophvlloideae
Ezo
Lithophyllum
Tenarea
Titanoderma

Corallinoideae
Alatocladia
Arthrocardia
Bossiella
Calliarthron
Cheilosporum
Chiharaea
Corallina
Haliptilon
Jania
Marginisporum
Serraticardia
Yamadeae
MastoDhoroideae
Hydrolithon
Lesueuiia
Lithoporella
Mastophora
Metamastophora
Neogoniolithon
Pneophyllum
Spongites .

Metaaoniolithoideae
Metagonioiithon

Melobesioideae
Clathromorphum
Exilicrusta
Kvaleya
Lithothamnion
Mastophoropsis
Melobesia
Mesophyllum
Phymatophyllum
Synarthrophyton

A ustrolithoideae
Austrolithon
Boreolithon

Choreonematoideae
Choreonema

CORALLINE CLASSIFYCATION SCHEME ACCORDING3 TO CABIOC H (1988) AND
CHAMBERLAIN (1978)
L'rthophviloideae
Amphiroa
Ezo
Lithophyllum
Lithothrix
Tenarea
Titanoderma

Corailinoideae
Alatocladia
Arthrocardia
Bossiella
Calliarthron
Cheilosporum
Chiharaea
Corallina
Haliptilon
Hydrolithon
Jania
Lesueuha
Lithoporella
Marginisporum
Mastophora
Metamastophora
Neogoniolithon
Pneophyllum
Serraticardia
Spongites
Yamadeae

Metaqoniofithoideae
Metagonioiithon

Note: Genera in bold are geniculate.

Melobesioideae
Clathromorphum
Exilicrusta
Kvaleya
Lithothamnion
Mastophoropsis
Melobesia
Mesophyllum
Phymatophyllum
Synarthrophyton

A ustrolithoideae
Austrolithon
Boreolithon

Choreonematoideae
Choreonema

Table 2: Ultrastructural and Light Microscopic Features with Taxonomic
Relevance in Subfamilies of the Family Corallinaceae
Taxonomic Level
SDoranaial Features
MorDholoaicai
TetrasDoranaiai
Features
ConceDtacle
Moroholoav
MuitiPeri
Geni Seco Cell
Pore
Genus
Subfamily
EDM Germi
nation nuclear cula ndary Fusions porate Plugs
Pattern Assoc
Pit
iations
Conn
ection
+
+
Amphiroideae
E,C
A
Amphiroa

Corallinoideae

Lithothrix

-

?
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R
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E
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-
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-

Corallina
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Calliarthron

7
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1

c

E,M
E,M
E,M
E.M
E.M
E.M
E
E
E
E

-

Yamadaea

P
P
P
P
P
P

Bossiella
Arthrocardia
Chiharaea
Serraticardia

Choreonematoideae

7
7

1

7

Spongites

C
C

Hydrolithon

-

Clathromorphum

+

-

+

-

+
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Melobesia

-

c

M,C

Mesophyllum

-

c

S

E,C
E
E

Metamastophora
Neogoniolithon

Lithophylloideae

7

IV
IV
IV
IV

Haliptilon

Melobesiodeae

7

7

Cheilosporum

Mastophoroideae

7

7

Lithophyllum

-

Titanoderma

-

A
A

Choreonema

-
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E D M : R-Radiate, P-Parallel, l-lntermediate, IV-lnvaginate
Germination Pattern: A-Ampiroa, C-Corallina, O-Other, F-Filiamentous, ?-Unknown
Perinuclear Associations: C-Chloroplast, E-Endoplasmic Reticulum, M-M'itochondrion, S-Starch

Table 3: J. Craig Bailey and Russell L. Chapman, 1998
18s rRNA M olecular Data fo r Corallinaceae
Heydrichia woeikerlingii
Soorolithon durum

S porclithaceae

Amphiroa sp. (AUS)
Amphiroa sp. (SAF)

Am phiroideae

Amphiroa fragilissima
Lithothrix aspergillum
Lithophyllum kotschyanum

Lithophylloideae

Metagonioiithon chara
Metagonioiithon radiatum

M etagonioiithoideae

Metagonioiithon stelliferum
Spongites yendoi

M astophoroideae

Cheilosporum sagittatum
Haliptilon roseum
Jania crassa
Jania rubens
Corallina officinalis
Corallina elongata
Bossiella californica ssp. schmittfi

Corallinoideae

Bossiella orbigniana ssp. dichotoma
Calliarthron cheilosporioides
Calliarthron tuberculosum

Serraticardia macmillanil
Arthrocardia flllcula
Mesophyllum englehartii
Mesophyllum erubescens
'Leptophytum acervatum'
'Leptophytum ferox'
Synarthrophyton patena
Clathromorphum compactum
Clathromorphum parcum
Mastophoropsis canaliculata
Phymatolfthon laevigatum
Phymatolithon lenormandii
Lithothamnion glaciate
Lithothamnion tophiforme

Melobesioideae

Diagram 1: Development of Cell Fusions and Secondary Pit Connections

KEY TO ABBREVIATIONS

B, bottom
C, chloroplast
c, columnar cell
E, epithallial cell
G, Golgi body
L, large-cored vesicle
M, mitochondria
N, nucleus
NE, nuclear envelope
Nu, nucleolus
O, osmiophilic vesicle
S, stalk cell
s, starch
T, top
V, vacuole
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Figures 1-2.

Light Micrographs of Titanoderma pustulatum

Figure 1.

T. pustulatum encrusting Bittium varium. Conceptacles
(arrowheads), x 44.

Figure 2.

T. pustulatum encrusting Zostera manna. Conceptacles
(arrowheads). X 4 6 .
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Figures 3-5.

Scanning Electron Micrographs of T. pustulatum

Figure 3.

Opercular view of Bittium varium shell showing numerous
conceptacles (arrowheads) of 7 pustulatum. Multiple thalli
overlap each other, x 34.

Figure 4.

Spore germination disc (*) of a single thallus attached to Zostera.
marina. Trichocytes (arrowheads) extend up from the thallus
surface, x 105.

Figure 5.

Two raised conceptacles. Note the conspicuous uniporate
openings (arrowheads), x 90.
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Figures 6-8.

Scanning Electron Micrographs of T. pustulatum Vegetative
Thallus

Figure 6.

Apical marginal meristem of T. pustulatum thallus (arrows). The
margin appears out of focus due to undifferentiated tissue. Note
the electron density pattern of surface cells (arrowheads), x 682.

Figure 7.

Surface view of T. pustulatum showing trichocytes. Some
trichocytes appear to be branched (arrowhead), x 1,174.

Figure 8.

Longitudinal side view of razor-sliced thallus. Secondary pit
connections (arrowheads) are visible within the columnar cells
(c ).x 1,097.
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Figures 9 -1 1 Light and Transmission Electron Microscopy of T. pustulatum
Conceptacles and Pit Connections

Figure 9.

Longitudinal section (1 pm) through a tetrasporangial
conceptacle scraped off of a Bittium varium shell and stained in
toluidine blue. Portions of six sporangia are visible at various
stages of development. Epithallial cells (arrowheads); top (T);
bottom (B). x 285.

Figure 10.

Longitudinal section showing epithalial cell (E) and two layers of
vegetative cells above the tetrasporangial conceptacle. Primary
pit connection (arrow); secondary pit connections (arrowheads);
conceptacle cavity (*). x 2,125.

Figure 11.

Tetrasporangium at early stage 3a. One of four nuclei (N) is
visible in the central region of this tangentially sectioned
sporangium. Vacuoles (V). x 1,925.
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Figures 12- 15 Transmission Electron Microscopy of Early and Late Stage 3a T.
pustulatum Tetrasporangia

Figure 12.

Pit connection between sporangium (*) and support cell (S). The
upper dome-shaped cap of the pit connection (arrow) is typical of
coralline algae whereas the flattened lower outer cap
(arrowhead) is unusual, x 10,600.

Figure 13.

Higher magnification of early stage 3a sporangium shown in Fig.
11. Note thick sporangium wall (W) nearly confluent with the
cytoplasm. Beginning of simultaneous zonate cleavage
(arrowheads); Nucleus (N). x 8,175.

Figure 14.

Late stage 3a sporangium with two visible nuclei (N).
Chloroplasts (C) with a single peripheral thylakoid are visible.
Note thicker mucilage layer (*). Small vacuoles (V). x 6,800.

Figure 15.

Cytoplasm of a late stage 3a sporangium. A few small vacuoles
(V) are still present. Note the small electron-dense vesicles (O)
and large amounts of RER (*). Mitochondrion (M). x 44,800.
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Figures 16-17 Transmission Electron Microscopy of Early Stage 3b
Tetrasporangia of T. pustulatum

Figure 16.

Longitudinal section of an early stage 3b tetrasporangium. Three
of four nuclei (N) are seen in typical staggered formation.
Cleavage furrows (arrowheads) continue to elongate and
organelles begin to clump. Tetrasporangial wall (W). x 2,275.

Figure 17.

Higher magnification of stage 3b tetrasporangium showing
chloroplasts (C) with several thylakoids. The tetrasporangial wall
is somewhat thinner (*). PER (arrowheads); mitochondrion (M);
Golgi (G); nucleus (N). x 180,000.
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Figures 18-21 Transmission Electron Microscopy of T. pustulatum Early Stage
3b Tetrasporangia
Figure 18.

Cytoplasm of early stage 3b. Chloroplasts (C) are more
abundant and phycobilisomes are more obvious. Genophores
(arrowheads) are seen within the stroma of the chloroplasts.
Long tracks of RER (*) are common at this stage. Golgi (G);
nucleus (N). x 22,325.

Figure 19.

High magnification of Golgi-mitochondrial association.
Mitochondrium (M) is located on the cis-face of the Golgi (G).
RER (*). x 66,200.

Figure 20.

Tetrasporangial nucleus (N) surrounded by chloroplasts (C),
Golgi (G), and mitochondria (M). x 12,250.

Figure 21.

The nuclear envelope (NE) lacks EDM but has perinuclear
smooth membranes (arrowheads). Mitochondrion (M). x 38,100.

'.v*- 4
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Figure 22-24

Transmission Electron Microscopy of T. pustulatum Mid Stage 3b
Tetrasporangia

Figure 22.

Longitudinal section of a mid stage 3b tetrasporangium. Starch
grains (s) form in clumps between RER cisternae. Cleavage
furrows are deeper (arrowheads) and the sporangial wall (W) is
thinner in this stage. Nucleus (N). x 38,100.

Figure 23.

Starch (s) formation within the cytoplasm. Starch forms in single
tiered rows in between RER cisternae (arrowhead). Osmiophilic
vesicles (O); chloroplasts (C). x 1,900.

Figure 24.

Basal end of tetrasporangium. The flocculent, electron
trasnparent region (*) is located adjacent to the degenerating pit
connection (not shown). Dividing chloroplasts are present
(arrowheads). Numerous Golgi (G) are also present. Starch
granules (s) at this slightly later stage increase in both size and
quantity, x 12,975.
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Figures 25-27 Transmission Electron Microscopy of T. pustulatum Mid Stage 3b
Tetrasporangia

Figure 25.

Longitudinal view of a Golgi-mitochondrion association. The
mitochondrion (M) abuts the complete cis face of the Golgi (G).
Vesicles (arrowheads) are seen near the trans-Golgi region,
x 6,800.

Figure 26.

Near-transverse view of the Golgi-mitochondrial association. The
two mitochondria (M) are presumably one whole mitochondrion.
Note phycobilisomes (arrowheads). Golgi (G). x 49,300.

Figure 27.

Mid-stage 3b nucleus (N). Note lack of EDM.
Large numbers of chloroplasts (C) surround the nucleus. Golgi
(G); osmiophilic vesicles (O); starch (s). x 8,175.
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Figures 28-31 Transmission Electron Microscopy of T. pustulatum Mid Stage
3c Tetrasporangia

Figure 28.

Tangential view of stage 3c tetrasporangium. Starch,
chloroplasts, and vesicles are no longer clumped. Cleavage
furrows are still arrested (arrowheads), x 1,300.

Figure 29.

Cytoplasm of stage 3c displaying the sporangial wall (W) and
mature chloroplasts (C). Golgi (G) is abundant and still
associated with mitochondria (M). x 12,975.

Figure 30.

Starch (s) and chloroplasts (C) surround the stage 3c nucleus
(N). x 12,975.

Figure 31.

High magnification of nuclear envelope (NE) with adjacent
smooth membrane ER (arrowheads). Chloroplast (C); starch (s).
x 44,800.
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Figures 32-34 Lithophyllum dispar Light and Scanning Electron Microscopy of
Vegetative Thalli

Figure 32.

Lithophyllum dispar (*) encrusting a red algal host, x 20.

Figure 33.

SEM view of thallus surface. Conceptacles are submerged and
uniporate(arrowheads). Epithallus around conceptacle pores is
absent, x 146.

Figure 34.

SEM long view of a razor-cut through the thallus. Secondary pit
connections are visible (arrowheads). Epithallial cells (*);
columnar cell (c). x 731.
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Figures 35-37 Light and Transmission Electron Microscopy of Lithophllum
dispar Early Stage 3a Tetrasporangia

Figure 35.

Longitudinal 1 pm section of a razor cut conceptacle, stained
with toludine blue. Two stage 3c sporangia (X) present as well
as one stage 3b (Y). A collumella is also present in the center of
the conceptacle (arrowheads), x 320.

Figure 36.

TEM of early stage 3a tetrasporangium showing large amounts of
exocytosis (arrowheads). Vacuoles (V) are abundant and the
sporangial wall (W) is thick. Immature chloroplasts (C). x 1,050.

Figure 37.

Higher magnification of stage 3a nucleus (N). EDM is absent.
Chloroplasts (C) are the most conspicuous organelle. Golgi (G);
sporangial wall (W). x 12,250.
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Figures 38-41 Transmission Electron Microscopy of L. dispar Late Stage 3a
Tetrasporangia

Figure 38.

Longitudinal view of a late stage 3a tetrasporangium. Cleavage
furrows are relatively shallow (arrowheads). Only two nuclei (N)
are visible in this section. Large osmiophilic inclusion (O). x
1,150.

Figure 39.

View of cytoplasm near the tetrasporangial wall. Exocytotic
regions are conspicuous (*). PER is present (arrowheads) and
chloroplasts (C) are dividing. Osmiophilic vesicles (O);
mitochondrion (M). x 40,325.

Figure 40.

Nucleus (N) of late 3a tetrasporangium. EDM is absent.
Vacuoles (V), chloroplasts (C), and small osmiophilic vesicfesrfOf
are seen around the nucleus. Nucleolus (No), x 12,975.

Figure 41.

Higher magnification of nucleus (N). The nuclear envelope^fctf^
appears indented. Vesicles (O); mitochondrion (M). x 40,325.
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Figures 42-44 Transmission Electron Microscopy of L dispar Early and Mid
Stage 3b Tetrasporangia

Figure 42.

Transverse section of a stage 3b tetrasporangium showing
clumping of starch granules (s) and chloroplasts (C). Nucleus
(N). x 1,775.

Figure 43.

Cleavage furrow (*) of a stage 3b nucleus. The sporangial wall
(W) is thin. More organelles occur in the cytoplasm than in Fig.
38. Note the regions of mucilage layer (Z) where exocytosis has
recently occurred, x 7,825.

Figure 44.

Cytoplasm of a stage 3b tetrasporangium. Starch (s) begins to
form in between RER cisternae. The Golgi are still producing
conspicuous osmiophilic vesicles (O). Note chloroplast
genophores (arrowheads),
x 22,325.

61

Figures 45-47

Transmission Electron Microscopy of L dispar Mid Stage 3b
Tetrasporangia

Figure 45.

Mid stage 3b nucleus (N) surrounded by RER (arrowheads).
The RER can be seen extending into other regions of
the cytoplasm. Nucleolar vacuole (*); chloroplasts (C);
osmiophilic vesicles (O). x 7,825.

Figure 46.

Higher magnification of nuclear envelope (NE). EDM is absent.
Perinuclear RER (arrowheads); chloroplasts (C); osmiophilic
vesicles (O). x 22,325.

Figure 47.

Transverse view of a Golgi body (G) near the nuclear envelope
(NE). Note the consistent spacing of cisternae. Osmiophilic
vesicles (O). x 40,325.

d
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Figure 48-50

Transmission Electron Microscopy of L. dispar Late Stage 3c
Tetrasporangia

Figure 48.

Tangentially cut longitudinal section of a stage 3c
tetrasporangium. Cleavage furrows (arrowheads) are arrested.
Note lack of organelle clumping. Nucleus (N). x 1,100.

Figure 49.

Tetrasporangial wall (W) and mucilage layer (Z) are both
relatively thin. PER present (arrowheads). Genophores are
noticeable within mature chloroplasts (C). x 8,275.

Figure 50.

Cytoplasm of stage 3c tetrasporangium with numerous Golgi
bodies (G). Golgi-mitochondrion association, if still present is
difficult to see. Osmiophilic vesicles (O); mitochondrion (M);
starch (s). x 6,125.

63

Figures 51-52 Transmission Electron Microscopy of L. dispar Late Stage 3c
Tetrasporangia

Figure 51.

The nucleus (N) of a stage 3c tetrasporangium. EDM is absent.
Starch (s); chloroplast (C). x 15, 850.

Figure 52.

Higher magnification of the nuclear envelope (NE). Smooth
membrane ER (arrowheads) surrounds the nucleus, x 49,275.
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Figures 53-55 Light and Scanning Electron Microscopy of Lithophyllum
pustulatum Vegetative Thalli

Figure 53.

L. pustulatum encrusting a red algal host, x 11.

Figure 54.

SEM of a partially raised uniporate conceptacle (*) of L.
pustulatum. x93.

Figure 55.

SEM of a longitudinal razor-cut section through the thallus.
Multiple secondary pit connections (arrowheads) can be seen
within the columnar cells (c). x 857.
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Figures 56-59 Light and Transmission Electron Microscopy of L pustulatum
Stage 3a and 3b Tetrasporangia

Figure 56.

Longitudinal view of a 1 mm toluidene blue stained section of a
conceptacle. Several tetrasporangia at various stages are
visible. Support cell (S); vegetative cells (arrowheads); top (T);
bottom (B). x 195.

Figure 57.

Late stage 3a tetrasporangium. The three cleavage furrows
(arrowheads) and four nuclei (N) are visible. The sporangial wall
(W) and mucilage layer (*) are both prominent, x 1,350.

Figure 58.

Two nuclei (N) of a late stage 3b tetrasporangium. EDM is
absent. Chloroplasts (C) completely surround the nuclei, x
7,150.

Figure 59.

Nuclear envelope (NE) of a late stage 3b tetrasporangium.
Smooth membrane ER (arrowheads); chloroplasts (C);
osmiophilic vesicle (O). x 42, 550.
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